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ABSTRACT 

We investigate the effects of neutrino-nucleus interactions (the z^-process) on the production of iron-peak 
elements in Population III core-collapse supernovae. The t^-process and the following proton and neutron cap- 
ture reactions produce odd-Z iron-peak elements in complete and incomplete Si burning region. This reaction 
sequence enhances the abundances of Sc, Mn, and Co in the supernova ejecta. The supernova explosion models 
of 15 Mq and 25 Mq stars with the i^-process well reproduce the averaged Mn/Fe ratio observed in extremely 
metal-poor halo stars. In order to reproduce the observed Mn/Fe ratio, the total neutrino energy in the super- 
novae should be 3-9 x 10^^ ergs. Stronger neutrino irradiation and other production sites are necessary to 
reproduce the observed Sc/Fe and Co/Fe ratios, although these ratios increase by the j/-process. 
Subject headings: Galaxy: halo — neutrinos — nuclear reactions, nucleosynthesis, abundances — supernovae: 
general 



1. INTRODUCTION 

The abundance-metallicity relation of low mass extremely 
metal-poor (EMP) stars (-4 < [Fe/H] < -3; [X/Y] = 
logm(A^x/A^Y)-logio(A^x/A^Y)0 where A^x and A^y are the 
abundances of elements X and Y, respectively) and very 
metal-poor (VMP) stars (-3 < [Fe/H] < -2) has been clar- 
ified by observat i ons of very high quality spectra (e.g., 
iNorris et alJ 120011: ICayrel et al. 2004). This relation is ex- 
pected to provide the information of supernovae (SNe) of 
Population (Pop) III (the first generation) massive stars (e.g., 
iNomoto et alJl2006h a nd the first stage of Galactic chemical 
evolution (GCE) (e.g.. lKobavashi et al.ll2 006). The EMP stars 
are considered to have suffered the injecti on of heavy ele- 
ments from one or a few SNe (e.g., .Shigeyama & T sujimotol 
Il998l) . A halo interstellar medium becomes g radually homo- 
geneous with metallicity jArgast et al.l 120041) . Although re- 
cent studies of the star formation in the first stage of GCE 
have been in progress, the characteristics of first generation 
stars, such as initial mass function, have not been clarified. In 
order to clarify such characteristics, we should investigate nu- 
cleosynthesis in the candidates of the first generation stars as 
well as the observed variations of the abundance distributions 
of the EMP and VMP stars. 

Recent observations have indicated that the abundance 
ratios [X/Fe] averaged in the metal-poor stars with -4 < 
[Fe/H] < -2 are between -0 .5 and 0.5 for most of observed 
elements dCavrel et al.ll2004) . Their scatter around the aver- 
age values deduced from the new observation is much smaller 
than found in earlier studies. The elemental abundance distri- 
bution of the metal-poor stars is not so different from that of 
the solar-system composition. Therefore, the small scatter is 
considered to suggest primordial burst of high-mass stars or 
the very rapid mixing of matter from different bursts of early 
star formation. 

From theoretical viewpoint. iTominaga et alJ (l20071j) com- 
pared the Pop III hypernova (HN) yields with the abun- 
dance pattern of E MP stars with the me tallicity range -4.2 < 
[Fe/H] < -3.5 in ICavrel et all (|2004 . They adopted the 
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mixing-fallback model for the HNe. The HN yields give good 
agreement with the observed abundances for C, Na, Mg, Al, 
Si, Ca, Ni, and Zn. They also compared the Pop III SN and 
HN yields integrated over the Salpeter initial mass function 
(IMF) with the abundances of VMP stars i n the metallicity 
range -2.7 < [Fe/H] < -2.0 in lCayrel et aP 12004). They re- 
produced the observed trends of abundance ratios for C, O, 
Na, Mg, Al, Si, Ca, Cr, Ni, and Zn. The SN and HN yields 
of N, K, Sc, Ti, Mn, and Co are short for explaining the ob- 
served yield ratios, although Sc and Ti may be improved in 
the high-entropy explosion models. The yields of Mn and Co 
may be reproduced by the modification of electron fraction 
Ye, of which value is still uncertain in the innermost region 
of SNe and HNe. Additional nucleosynthesis processes also 
remain open for these elements. 

During a SN explosion, the collapsed core becomes ex- 
tremely high temperature and high density, and neutrinos are 
produced through pair creation. The neutrinos are almost ther- 
malized by neutrino-nucleus scattering at the center They 
pass away through the neutrino sphere with carrying the grav- 
itational binding energy of the core. The neutrino irradiation 
lasts for about ^ 10 s. The total number of neutrinos emitted 
in a SN is very huge, i.e., about N^, ^ 10^^. The neutrinos 
interact with nuclei in the surrounding stellar material to pro- 
duce new species of nuclei. This is called the i/-process. 

The t/-process is expected to be an important produc- 
tion process for some elements in Pop III SN explosions. 
The i/-process is i mportant for the synthe s is of light el- 
emen t s, Li and B dDomogatskv et aP Il978t fWooslev et alJ 
T99(?; Wooslev & Weaver"1995'; 'Yoshida et al."2004', '2005al 
2006ab), F (e.g., Woosley et al. 1990; Woosley & Weave! 
1 19951) . and some heavy neutron - deficient nuc lei such as '^^**La 
and I'^OTa dGorielv et alJIIOOll iHegeret all (2005.) . The v- 
process products are synthesized through the spallations by 
neutrinos from abundant seed nuclei. It also produces pro- 
tons and neutrons and their capture reactions also enhance the 
abundances of some elements. For Pop III SNe, the seed nu- 
clei are a-nuclei abundantly produced in complete and incom- 
plete Si burning during the explosions. Thus, the j/-process in 
Pop III SNe will produce additional some odd-Z elements. 
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We note that most of the nucleosynthesis calculations in- 
cluding the ^-proc ess have been carried out using spherical 
explosion models (" Wooslev & WeaveJ 119951; lYoshida et alj 
|^05b). Although the total neutrino energy should be close 
to the gravitational binding energy released from the collaps- 
ing core, properties of the neutrinos are still uncertain. The 
properties strongly depend on explosion mechanism but de- 
tails of the mechanism have not been clarified. On the other 
hand , aspherical explos i ons have been inve stigated recently 
(e.g. Kota ke et al.ll2004l: IScheck et al.l l2004V In such a case, 
aspherical structure of neutrino sphere can be formed and the 
properties of the neutrinos are also still uncertain. Therefore, 
the dependence of the abundances of Pop III SNe and HNe on 
neutrino properties should be investigated. 

In this study, we focus on the effect of the i^-process on 
the production of odd-Z iron-peak elements, Sc, Mn, and Co, 
during Pop III SN and HN explosions. We calculate the SN 
nucleosynthesis including the i^-process. Then, we investi- 
gate the dependence of the abundances of Sc, Mn, and Co in 
the SN ejecta on the energy of neutrinos, the stellar mass, and 
the explosion energy. Sc, Mn, and Co are expected to be at 
least partly synthesized through the i^-process. We also indi- 
cate whether the abundance ratios of Sc, Mn, and Co to Fe 
reproduce those observed in the BMP stars when we take into 
account the j/-process. 

In §2 we explain stellar evolution models and the explosion 
models of SNe and a HN. We also describe the nucleosynthe- 
sis models including the j/-process and the neutrino irradia- 
tion models. In §3 we show the abundance distributions of 
Sc, Mn, and Co in the ejecta of the SN and HN models. We 
explain additional production of these elements through the 
i^-process. In §4 we explain the effect of the i/-process on the 
abundance ratios of Sc, Mn, and Co to Fe and the dependence 
on the neutrino irradiation strength. We also compare our re- 
sults with the abundance ratios observed in the EMP stars. 
In §5 we discuss other production processes of Sc, Mn, and 
Co proposed in recent studies and the effect of the t/-process. 
Finally, we summarize this study in §6. 

2. SN EXPLOSION MODELS FOR POPULATION III 
MASSIVE STARS 

2. 1 . Stellar Evolution and SN Explosion Models 

We calculate the evolution of Population III stars for initial 
masses of 15 Mq and 25 Mq from zero-age main-sequence 
to the onset of the core collapse. We use a Henyey-type 
stellar evolution code including a nuclear reaction network 
with about 300 isotopes to calculate detailed nucleosynthesis 
and energy ge neration. The input physic s is the same as the 
models used in' Umeda & Nomoto' ( !2002l) . SN explosions are 
calculated using a hydrodynamical cod e of spherica lly sym- 
metri cal piecewise parabolic method (IColella & WoodwardI 
[19841) . 

We set the explosion energy of the 15 and 25 Mq SN mod- 
els to be £51 = 1, where £51 is the explosion energy in units of 
1 X 10^' ergs. We also calculate the explosion of a HN for the 
25 Mq star model with £51 = 20. 

The location of the mass cut of the SN explosions is de- 
termined as follows. For the 15 Mq star model, we set the 
location of the mass cut at Mr = I.TIM© (Mr being the mass 
coordinate of a star) to obtain the ejected ^^Ni mass of 0.07 
Mq. In the case of 25 Mq SN, we set the mass cut loca- 
tion at Mr = \ .92Mq, so that large (Co,Zn)/Fe ratios are ob- 
tained. This location corresponds to the bottom of the layer 



where electron fraction is close to 0.5 dUmeda & Nomotol 
l2005HTominaga et al.ll2007bl) . A large amount of ^^Ni is pro- 
duced in the region of 1.92M0 < M, < 2.2M0 (see §3.2 for 
details). Since the location of the mass cut is deep, this model 
ejects the ^''Ni mass of 0.36 Mq. This model corresponds 
to a SN with the explosion energy of £51 1 and yielding 
a large ^^Ni amount ( M(^''Ni)-^ O.3M0) such as SN 2005bf 
jTominaga et al.ll2005i) . Note that the mixing-fallback model 
is not applied to these cases. 

In the case of t he 25 Mq HN model, we apply the mixing- 
fallback model jUmeda & Nomotol 120051; iTominaga et alj 
2007b). T his model approximate s aspherical effects of HN 
explosions (iTominaga et alJl2b07ah . During aspherical explo- 
sion, the central core of a star first collapses. Then, jet-like 
explosion ejects the surrounding stellar materials. Some of 
the materials in an inner region may fallback to the central 
core from off-axis direction of the jet. There are three pa- 
rameters in the mixing-fallback model; the initial mass cut 
M(;ut(ini), the outer boundary of the mixing region M,nix(out), 
and the ejection factor /. The initial mass cut corresponds 
to the mass of the initially collapsing core. The outer bound- 
ary of the mixing region corresponds to the location where 
the surrounding materials infall to the core during the explo- 
sion. The ejection fraction is the ejected material fraction in 
the mixing region. Details of the mixing-fallback model have 
been described in Tominaga et al. (2007b). 

The values of the mixing-fallback parameters should be re- 
lated to the explosio n features such as asp hericity and en- 
ergy deposition rate (ITominaga et alJl2007ah . However, the 
explosion mechanism has not been clarified. Therefore, 
we d etermine th ese par ameter values similar to case A in 
ITominaga et alj (l2007bl) . The location of the initial mass 
cut is set as Mcut(ini) = 1.92Mq, which is the bottom of the 
Yf ~ 0.5 layer This conditio n deduces large Zn/Fe ratio 
("Umeda & Nomoto| l2002l l2005h . The outer boundary of the 
mixing region is determined as Mn,ix(out) = 3.83M0 where 
the mass fraction of ^*'Ni decreases to lO""*. The ejection fac- 
tor is determined as / = 0.065 in order to yield [O/Fe] = 0.5. 
The electron fraction in complete and incomplete Si burning 
regions is not modified in this study. The ^^Ni mass of each 
explosion model is listed in Table 1 . 

2.2. SN Neutrinos and Nucleosynthesis Models 

A huge amount of neutrinos are emitted during SN ex- 
plosions. For spherically symmetrical SN explosions, neu- 
trinos are emitted isotropically from the neutrino sphere and 
carry the majority of gravitational energy of a proto-neutron 
star. On the other hand, aspherical SNe and jet-like explosion 
would emit neutrinos anisotropically. In this case neutrino ir- 
radiation may be very strong in a specific direction. Since we 
assume spherically symmetrical SN explosions, we assume 
isotropic neutrino emission. 

The strength of the neutrino flux is determined by the total 
neutrino energy. The adopted values of the total neutrino en- 
ergy are Ziiy = 3 X lO^-' ergs, 9 x lO^-' ergs, and 3 x lO^** ergs. 
The first value corresponds to normal neutrino irradiation and 
is almost equal t o the gravitational binding energy of a 1.4 
Mq neutron star (iLattimer & Prakashll2001l) We assume that 
the neutrino luminosity decrease exponentially with time. The 
decay time of the neutrino luminosity is set to be 3.0 s. 

The spectra of the SN neutrinos are assumed to obey Fermi 
distribution with zero chemical potentials. The temperatures 
of Vfj_ T, Df^ r and j/g, are set to be = 6 MeV/k and 4 
MeW/k, respectively. This set of the neutrino temperatures 
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TABLE 1 

The '^Ni mass and the ratios [Sr/Fe], [Mn/Fe], and [Co/Fe] of 

Pop III SN AND HN MODELS. 



M(56Ni) [Sc/Fe] [Mn/Fe] [Co/Fe] 
(ergs) (Mq) 



15 Mq SN 



No neutrinos 


0.072 


-1.46 


-0.53 


-1.10 


3 X 10" 


0.072 


-1.21 


-0.29 


-0.73 


9 X 10" 


0.071 


-0.99 


-0.04 


-0.34 


3 X lO^^* 


0.068 


-0.69 


0.36 


0.16 


3 X lO" (r^=8 MeV) 


0.072 


-1.15 


-0.20 


-0.58 




25 Mq 


SN 






No neutrinos 


0.356 


-1.73 


-0.83 


-0.95 


3 X 10" 


0.353 


-1.09 


-0.45 


-0.42 


9 X 10" 


0.348 


-0.71 


-0.12 


-0.14 


3 X lO^'* 


0.327 


-0.29 


0.28 


0.43 


3 X 10" (T„=8 MeV) 


0.353 


-0.91 


-0.34 


-0.28 




25 Mq 


HN 






No neutrinos 


0.065 


-1.13 


-1.85 


-0.13 


3 X 10" 


0.065 


-1.00 


-1.45 


-0.19 


9 X 10" 


0.065 


-0.81 


-1.12 


-0.23 


3 X 10^* 


0.064 


-0.44 


-0.61 


-0.25 


3 X 10" (T^=S MeV) 


0.065 


-0.92 


-1.32 


-0.14 



is the same as in 'Rauscher et al.' ('2002") and 'Yoshid a et alJ 
(|2005b). We note that Woosley & Weaver (1995) provided 
the SN yields adopting the v^^r and 7. temperature of = 8 
MeV and = 3 x 10^^ ergs. Therefore, we briefly mention 
the yields obtained using this parameter set. Detailed nucle- 
osynthesis during the SN expl osions is ca lculated by postpro- 
cessing using a code of Hix & Thielemann (1996) to which 
the i/-process reactions in Yoshida et al. (2005b) were added. 

We should note that the evolution of neutrino luminosity 
and energy spectra of HNe may be different from that of SNe. 
The neutrino emission from rapidly accreting disks surround- 
ing black holes during gam ma ray bursts and H Ne has been in- 
vestigated (e.g., McLaug hlin & Surmanll2007l) . They showed 
that i^e and smaller amount of are mainly emitted from the 
accretion disks with slightly hard energy spectra compared 
with those from proto-neutron stars. However, the evolution 
of neutrino emission during HN explosions is still largely un- 
certain. On the other hand, the main contribution of the ly- 
process is neutral-c urrent interactions, which do not depend 
on ne utrino flavors (IWoosley & Weaverlll995t I Yoshida et alJ 
|2004|) . Furthermore, the yields of the i^-process products 
depend on both neutrino energy spectra and the total neu- 
trino energy. Roughly speaking, a larger total n eutrino energy 
corresp onds to harder neutrino energy spectra (lYoshida et alJ 
l2005ah . Therefore, we set the total neutrino energy as a pa- 
rameter. 

The value of total neutrino energy Ei, = 3 x 10^"* ergs may 
be too large even in the HN model. If an element is not pro- 
duced abundantly through the i^-process with E,^ = 3 x 10^'* 
ergs, the i/-process contribution should be very small for the 
production of the element. 

3. ABUNDANCE DISTRIBUTIONS OF SC, MN, AND CO 

3.1. 15 Mq Supernova 

We explain the mass fractions of Sc, Mn, and Co as well 
as the contribution of the i^-process for their production. Fig- 
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Fig. 1. — Mass fraction distribution after SN explosions of the 15 Mq 
Pop III star model in the cases of (a) the i/-process unconsidered, (h) the u- 
process with £^ = 3 X Uf^ ergs, and (c) the i/-process with = 3 X lO'^ 
ergs. Red lines, blue lines, and green lines con'espond to the mass fractions 
of Sc, Mn, and Co, respectively. 
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ure la shows the distributions of the mass fractions of Sc, 
Mn, and Co in the 15 Mq SN model without taking into ac- 
count the i/-process. In this figure, the main product in the 
range of I.VIM© < Mr < I.IAMq is ^^K\. In this region 
a large amount of iron-peak elements are produced through 
complete Si burning. We call this region the Ni layer. In the 
region outside the Ni layer, incomplete Si burning occurs dur- 
ing the explosion and a large amount of Si as well as a smaller 
amount of iron-peak elements are produced. We call this re- 
gion (1.74M0 <Mr< I.95M0) the Si/S layer 

The characteristics of the mass fractions and main produc- 
tion sites of Sc, Mn, and Co without the i^-process are ex- 
plained as follows. 



(a) 'ci^j M^, 110 lieuU-iiioa 



1. Small mass fraction of Sc is produced at 1.86M(; 



— — ^ 

M,. < 1.95M0. The mass fraction is about 1 x 10"^ at 
the maximum. Most of Sc is produced through incom- 
plete Si burning. 

2. Most of Mn is produced in the Si/S layer through in- 
complete Si burning. The mass fraction at the maxi- 
mum is about 3 x lO"-', which is much larger than that 
of Sc. A part of Mn is also produced in the Ni layer but 
the mass fraction is much smaller. 

3. Co is also produced in the Ni layer The mass fraction 
of Co is about 3 x 10""* throughout this layer. 

Hereafter we consider the effect of the i/-process on the pro- 
duction of Sc, Mn, and Co. Figures lb and Ic show the distri- 
butions of the mass fractions taking into account the j/-process 
with £1, = 3 X 10^^ ergs and 3 x lO^"* ergs, respectively. 

3.1.1. Sc 

We see that additional Sc is produced in the Si/S layer 
(1.9M0 < Mr < 1.95Mq) and in the Ni layer The mass 
fraction of Sc is less than 1 x 10"^. Most of the Sc is first 
produced as "^^Ti and "^^V. In the Ni layer, a large amount of 
'^"^Ti is produced through complete Si burning. At the same 
time, '^^Ti and '*^V are partly produced through neutron- and 
proton-captures of '*'*Ti. Without the t/-process, however, the 
produced "*^Ti and "^^V are smoothly captured or decomposed 
again during the explosion. With the j/-process, additional 
protons are produced through the i^-process, so that some V 
is produced again by the proton capture. 

3.1.2. Mn 

We see the increase in the mass fraction of Mn in the Ni 
layer by about three orders of magnitude compared with the 
case without the i^-process. The mass fraction in the Si/S 
layer also increases by about a factor of 1 .4. During the SN 
explosion, Mn is produced as ^^Co. The amount of ^^Mn 
originally produced in the SN is much smaller. In the Si/S 
layer, ^^Co is produced by ^'*Fe(;?,7)^^Co or photodisintegra- 
tion from ""^Ni. When the i/-process is considered, ^^Co is 
also produced through ^^Ni(i/,i/'p)^^Co after the production 
of ^^Ni through complete and incomplete Si burning. Since 
the decay time of the neutrino luminosity is longer than the 
time scale of Si burning, the neutrino irradiation proceeds af- 
ter ceasing Si burning. 

3.1.3. Co 

When we consider the i^-process, the mass fraction of Co 
increases by about a factor of three throughout the Ni layer. 




(Mo) 

Fig. 2. — The same as Fig. 1 but the SN explosion of the 25 Mq Pop III 
star model. 
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The main production region of Co is not changed when we 
consider the i/-process. Most of Co is produced as ^^Cu and 
about 10% of ''Co is produced as ^^Ni. We see increase in 
the mass fractions of ^''Cu and ^"^Ni similarly in the Ni layer 
Most of ^^Cu and ^^Ni are produced through the captures of 
protons and neutrons by ^'^Ni. The protons and neutrons are 
produced through the j/-process even after the cease of com- 
plete Si burning. Therefore, the additional production raises 
the mass fraction of Co. 

3.1.4. Larger Neutrino Irradiation 

We also consider the case of larger neutrino irradiation with 
3 X 10^^ ergs. The distributions of the mass fractions are 
shown in Fig. Ic. We see that the mass fractions of Sc, Mn, 
and Co in the Ni layer are larger by a factor of 7-9 than those 
in the case of /i,^ = 3 x 10^^^ ergs. The dependence of the ob- 
tained mass fractions on the total neutrino energy is slightly 
smaller than the linear one. In this case all three elements 
are mainly produced in the Ni layer although Mn is mainly 
produced in the Si/S layer in the case of the former cases. 

3.2. 25 Mq Supernova 

The mass fractions of the 25 M© SN model without the 
(/-process is shown in Fig. 2a. In this figure, the Ni layer 
where complete Si burning occurs is in the range between 
1.92M0 and 2.2Mq in the mass coordinate. The Si/S layer 
which suffered incomplete Si burning is between 2.2Mo and 
2.1 5Mq. The ejected masses of these layers are larger than 
the corresponding layers in the 15 Mq SN model. The dis- 
tributions of the mass fractions of Sc, Mn, and Co in the 25 
Mq SN model are roughly similar- to those of the 15 Mq SN 
model. Most of Sc is produced in outer part of the Si/S layer 
(M,. = 2.6-2.75M0). Mn is mainly produced in the Si/S layer, 
too. Most of Co is produced in the Ni layer 

The mass fractions of Sc, Mn, and Co with the i^-process of 
£1/ = 3 X 10^^ ergs are shown in Fig. 2b. When we consider 
the zy-process, their increase is seen in the Ni layer For Sc, 
the mass fraction reaches about 2 x 10"^. It is about 1 x 10"^ 
for Mn but the main Mn production is still in the Si/S layer. 
Increase in the abundance by the i^-process is seen in the Si/S 
layer. For Co, the abundance increases by about a factor of 
two. 

The mass fractions of Sc, Mn, and Co in the case of a larger 
neutrino irradiation {E^ = 3 x lO^'* ergs) are shown in Fig. 2c. 
We obtain larger ones for Sc, Mn, and Co. The mass fraction 
of Sc in the Ni layer is about 2 x 10"^, which is larger than 
that of the 15 Mq SN. For Mn and Co, the abundances in the 
Ni layer are close to those of the 15 M© SN. The increase in 
the Mn abundance in the Si/S layer is also seen. 

3.3. 25 Mq Hypernova 

We explain effects of the i^-process on the production in the 
25 Mq HN model with £51 = 20. Figure 3fl shows the distribu- 
tion of the mass fractions in the 25 Mq HN model without the 
i^-process. The mass coordinate ranges of the Ni and Si/S lay- 
ers are 1.92M0 < M, < 3.OM0 and 3.0Mo < M,. < 3.8Mq, 
respectively. The mass contained in each of the two layers for 
the 25 Mq HN is larger than that of the corresponding layer 
of the 25 Mq SN model. We see that the mass fractions of Sc, 
Mn, and Co in each burning region are not so different from 
those in the 25 Mq SN; most of Sc and Mn are produced in 
the Si/S layer and Co is produced in the Ni layer. The average 
value of the Co mass fraction in the Ni layer is larger than that 
in the 25 Mq SN. 




2 2.5 3 3.5 4 

iW, {M.J 




2 2.5 3 3.5 

(Af,,) 




2 2.5 3 3.5 4 

Fig. 3. — The same as Fig. 1 but the HN explosion (£"51 = 20) of the 25 
Mq Pop III star model. 
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Fig. 4. — The abundance ratios to Fe in the SN of the 15 Mq Pop III star. 
The horizontal axis is the atomic number Z. The vertical axis is [X/Fe] (see 
text). The black, red, blue, and green lines indicate the abundance ratios in 
the cases without the !^-process, with the !^-process and E,^ = 3 X 10^' ergs, 
9 X 10^^^ ergs, and 3 X lO'** ergs. The magenta dotted line indicates the one 
with the (/-process and (£^,71/) = (3 X lO'^ergs, 8MeV). The points indicate 
the observed ab undan ce ratios averaged in 22 halo stars with [Fe/H] < —3.0 
in Cavrel et al] 1200411 . Error bars correspond to the abundance ratio ranges 
of these stars. 

The distribution of the mass fractions in the 25 Mq HN 
model with the i/-process {E,y = 3 x 10^^ ergs) is shown in 
Fig. 3b. Increase in the mass fraction by the i^-process is 
mainly seen for Sc and Mn. As shown in the cases of the 
SNe, additional Sc is produced in the Ni layer. In addition, 
some Mn is also produced in there. Since the range of the Ni 
layer is large, the contribution from the Ni layer is larger than 
that from the Si/S layer in this case. On the other hand, clear 
effect of the i^-process is not seen for Co. 

Figure 3c shows the mass fractions in the 25 Mq HN model 
with larger neutrino irradiation (Ei^ = 3 x lO^'* ergs). As same 
as the SN case, the Sc abundance in the Ni layer is larger 
by about a factor of ten than that in the case of the normal 
neutrino irradiation (E^, = 3 x lO^-' ergs). The mass fraction 
of Mn is similarly larger In the Si/S layer, the Mn amount 
also increases. On the other hand, the mass fraction of Co 
does not so change even with large neutrino irradiation. Co 
is produced through complete Si burning in the Ni layer and 
most of it is not decomposed during the explosion. Since HNe 
produce large amount of C o even without neutrino irradiation 
dUmeda & Nomotoll2005h . the additional production through 
the i^-process hardly affects the Co production. 

4. ABUNDANCE RATIOS OF SC, MN, AND CO 

We have shown that some amounts of Sc, Mn, and Co are 
produced through the j/-process and the following capture re- 
actions of neutrons and protons. This additional production 
increases the total abundances of these elements in Pop III 
SN and HN explosions. Hereafter we show the distributions 
of abundance ratios in the 15 Mq and 25 Mq SN and the 25 
Mq HN models. We also compare our results with the ob- 
served abundances of low mass BMP stars. As a reference of 
the observed abundances, we use the abundance ratios to Fe 
averaged in the data of 22 lo w mass halo stars with [Fe/H] 
< -3.0 in lCayrel et aP (l2004 . 

4.1. 15 Mq Supernova 

We show the abundance ratios in the 15 Mq SN model in 
Fig. 4. The ratios of [Sc/Fe], [Mn/Fe], and [Co/Fe] are listed 
in Table 1. The abundance ratios of the three elements are 
much smaller than the corresponding solar ratios. For other 
elements, the abundance ratios of odd-Z elements are smaller 
than those of the even-Z elements in the neighbors. When 
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Fig. 5. — The same as Fig. 4 but in the SN of the 25 Mq Pop 111 star. 

we consider the (/-process, the ratios [Sc/Fe], [Mn/Fe], and 
[Co/Fe] increase by 0.24-0.37 dex (see Table 1). Thus, the 
i/-process raises the abundances of these elements. Since the 
Fe abundance is not altered by the i^-process, the increase in 
the abundance ratios is due to the increase in the abundances 
by the (/-process. Larger irradiation of neutrinos enhances the 
abundances of these elements. In the case of 3 x 10^"* ergs, 
the abundance ratios for Mn and Co are larger than the corre- 
sponding solar ratios (see Table 1 and Fig. 4). The abundance 
ratios of V, Mn, and Co are larger than those of the even-Z 
elements Ti, Cr, and Fe, respectively. 

We see that [Sc/Fe], [Mn/Fe], and [Co/Fe] fovE^ = 9 x 10^^ 
ergs and 3 x lO^'* ergs increase by 0.3-0.4 dex and 0.7-0.8 
dex, respectively, compared with those with E^ = 3 x 10^^ 
ergs. The total neutrino energies with E^ = 9 x 10^^ ergs and 
3 X 10^"^ ergs are three times and ten times larger than that 
with Eiy = 3 X 10^^ ergs. 

Simple consideration leads to that the abundances of odd- 
Z elements produced through the (/-process are proportional 
to the neutrino flux, i.e., the total neutrino energy. Numer- 
ical simulations of the (/-process show that this property is 
approximately correct. The reaction rates of the (/-process are 
proportional to the total neutrino energy. At the same time, 
production rates of protons and neutrons produced through 
the (/-process are also proportional to the total neutrino en- 
ergy. The increase in the production rates brings about the 
increase in the production of odd-Z elements through proton- 
and neutron-captures. However, decomposition rates of the 
odd-Z elements through proton- and neutron-captures also in- 
crease. Thus, the abundances produced through the (/-process 
increase less than proportional to the total neutrino energy. 

We compare the obtained [Sc/Fe], [Mn/Fe], and [Co/Fe] 
with the corresponding observed results. The observed 
[Sc/Fe] averaged in 22 low mass BMP stars is 0.06. This value 
is slightly larger than the solar ratio and is still much larger 
than the calculated abundance ratio even in the case of the 
largest neutrino irradiation. For Mn, the observed [Mn/Fe] is 
-0.43. This abundance ratio is larger than the ratio without the 
(/-process and is reproduced by the result with the (/-process 
of the normal neutrino irradiation (E^, = 3 x 10^^^ ergs). On the 
other hand, the Mn/Fe ratio in the case of is^ = 3 x 10^"^ ergs 
is much larger than the largest value in the observed ratios. 
The observed [Co/Fe] is 0.31, which is larger than the solar 
ratio. It is larger than the value in the SN model even with the 
largest neutrino irradiation. 

4.2. 25 Mq Supernova 

Figure 5 shows the abundance ratios of the 25 Mq SN 
model. When we do not consider the (/-process, the abun- 
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Fig. 6.— The same as Fig. 4 but in the HN (£51 = 20) of the 25 Mq Pop 
III star. 



dance ratios of Sc, Mn, and Co are much smaller than the 
corresponding solar ratios (see also Table 1). The j/-process 
also enhances the production of these elements. When we 
consider the i/-process, the Sc/Fe ratio in this model is larger 
than that in the 15 Mq SN model. This is because the seed 
nucleus of V, i.e., '^'^Ti, is abundantly produced in complete 
Si burning for the 25 Mq SN. However, the Sc/Fe ratio is 
smaller than the observed ratio even in the case of the largest 
neutrino irradiation. On the other hand, the Mn/Fe ratio in this 
model well reproduces the observed ratio in the case with the 
i^-process of normal neutrino irradiation. The model with the 
largest neutrino irradiation {Eu = 3 x 10^"* ergs) overproduces 
Mn. The observed Co/Fe ratio is reproduced by the 25 Mq 
SN model with the largest neutrino irradiation E,^ = 1> x 10^"* 
ergs; large neutrino irradiation is required similarly to the 15 
Mq SN case. 

4.3. 25 Mq Hypernova 

Figure 6 shows the distribution of the abundance ratios of 
the 25 Mq HN model with £51 = 20. In this model we consid- 
ered mixing-fallback as described in §2.1. When we do not 
consider the i^-process, the [Sc/Fe] and [Mn/Fe] are -1.1 and 
-1 .9, respectively (see also Table 1). The Mn/Fe ratio is much 
smaller than the corresponding ratios in the other two models. 
Mn is mainly produced in the Si/S layer without the j/-process 
(see Fig. 3fl), whereas the range of the Ni layer in the HN is 
larger than in the 25 Mq SN. On the other hand, the Co/Fe is 
larger than those in the other SN models (see also Table 1). 
As shown in Fig. 3a, the HN provides a large amount of Co 
through complete Si burning. The mass fraction of Co in the 
Ni layer is of order 10""* for the 15 Mq and 25 Mq SN models, 
and 2 - 3 X 10"^ for the 25 Mq HN. 

When we consider the i/-process, the abundance ratios of Sc 
and Mn increase with the total neutrino energy. However, the 
Co abundance scarcely changes even taking into account the 
zy-process. The i^-process raises the abundances of Sc and Mn 
in the Ni layer. Although it also enhances the Co abundance 
there, the contribution from the z^-process is hindered by large 
Co production through complete Si burning. 

We also compare our results with the observed ones. The 
obtained Sc/Fe ratio is smaller than the observed ratio. Even 
in the case of the largest neutrino irradiation, the abun- 
dance ratio is smaller by about 0.5 dex. The Mn/Fe ratio is 
marginally consistent with the observed ratio in the largest 
neutrino irradiation case. At the same time, the Co/Fe ratio 
is also marginally consistent with the observed ratio despite 
the z^-process; the smallest Co/Fe ratio is reproduced. The 
HN model reproduces the observed Mn/Fe ratio when the v- 
process with large neutrino irradiation is taken into account. 



It reproduces the observed Co/Fe ratio even without the v- 
process. 

When we do not consider the i^-process, the abundance ra- 
tios of Sc/Fe, Mn/Fe, and Co/Fe in the Pop III SNe are smaller 
than the corresponding observed ratios. On the other hand, the 
observed Mn/Fe ratio is reproduced by the 15 Mq and 25 Mq 
SN models with the i^-process. The observed Co/Fe ratio is 
marginally reproduced by the 25 Mq HN model even with- 
out neutrino irradiation. Thus, we can say that the i^-process 
in the Pop III SNe produce most of Mn observed in low mass 
EMP stars. The z^-process also produces Sc but the abundance 
is still short of the reproduction of the observed Sc/Fe ratios. 
HNe may provide Co being abundant enough to reproduce the 
observed Co/Fe ratios. 

4.4. v-Process with 7^, = 8 MeV 

We briefly mention the abundance ratios in the case of the 
iz-process with T^ = ^ MeV and E^, = 3 x 10 ^-^ ergs, which has 
been adopted in lWooslev & Weaver! d 19951) . The abundance 
patterns in the 15 and 25 Mq SN and the 25 Mq HN models 
are shown as dotted lines in Figs. 4-6. The values of [Sc/Fe], 
[Mn/Fe], and [Co/Fe] are tabulated in Table 1. The yields 
of Sc, Mn, and Co in this neutrino parameter set are larger 
by about 0. 1 dex than those in the case of = 6 MeV. They 
are still smaller than those in the case of = 6 MeV and 
E^ = 9x 10^^ ergs. Therefore, the dependence on the neutrino 
temperature is not strong for the Sc, Mn, and Co yields. 

5. DISCUSSION 
5.1. Abundance Pattern of VMP Stars 

The abundance pattern of VMP stars are considered to re- 
flect partly mixed interstellar materials in the early Universe. 
Recently, the averaged a bundance pat t ern of VMP stars with 
-2.7 < [Fe/H] < -2.0 in lCayrel et all (l2004l) has been repro- 
duced by the Pop III SN and HN yields integ rated over the 
Salpeter IMF function dTominaga et alj|2b07bl) However, the 
evaluated [Sc/Fe] and [Mn/Fe] are still short of the observed 
ratio. We discuss the enhancement of these ratios by the 
p rocess. 

iTominaga et al.l (l2007bh evaluated the Sc/Fe ratio as [Sc/Fe] 
= -1.5 whereas the observed value is [Sc/Fe] = 0.12;!;q j4. In 
this study, we showed that the ^/-process raises the Sc yield by 
1 . 1 dex at the maximum. However, this enhancement is still 
short for reproducing the observed value. Production sites 
other than the j/-process is needed to reproduce it (see §5.2). 

The [Mn/Fe] ratio observed in VMP stars is -0.48![j;^5. The 
evaluated value of [Mn/Fe] is -1.14. When we take into ac- 
count the j/-process, this value increases by 0.24-0.4 dex 
with E^ = 3x 10^^ ergs and 0.49-0.73 dex with E^ = 9x lO" 
ergs. The increase by the z^-process with i:^ = (3-9) x lO^"* 
ergs will provide better fitting of the Pop III SN and HN yields 
to [Mn/Fe] in VMP stars. 

The Pop III SN and HN models in lTominaga etalj (l2007bh 
indicate [Co/Fe] close to the lowest ratio in VMP stars; 
[Co/Fe] = 0.29^Q 27. Taking into account the i^-process with 
El, = 3 X 10^^ ergs, [Co/Fe] increases by 0.37-0.53 dex in 
SNe and it does not in HNe. This enhancement is enough 
to reproduce the average [Co/Fe] ratio in VMP stars. The i^- 
process of the Pop III SNe and HNe is one of the preferable 
sites of the Mn and Co in VMP stars. 

5.2. Other Production Sites ofSc, Mn, and Co 



8 



Yoshida et al. 



We have shown that Sc, Mn, and Co are produced through 
the z^-process in the Pop III SNe and HNe. For other than 
Mn, the z^-process in the SNe and HNe does not produce large 
enough abundances to reproduce the abundances observed in 
low mass BMP stars. So, we will discuss other synthesis pro- 
cesses proposed in recent studies. 

5.2.1. Sc 
Aspherical Explosions 

As shown in previous studies (e.g., lUmeda & Nomotol 
12002*). spherically symmetrical SN and HN models do not 
provide enough amount of Sc to reproduce the observed abun- 
dance of low mass BMP stars. On the other hand, aspherical 
explosion a nd jet-like explosion produce larger amount of Sc 
jMaeda & N omoto 2003). In the case of spherical explosions, 
low-density structure enables to supply larger amount of Sc 
(jUmeda&^Nomoto 2005). Thus, higher temperature and low 
density, which are realized by aspherical explosions, are one 
of the favorable environments to produce Sc. The amount of 
Sc produced in SNe and HNe is also sensitive to in com- 
plete Si burning regio n. Large value (Y^ > 0.5) brings about 
a large amount of Sc dlwamoto et al.ll2006l) . 

Nucleosynthesis in Innermost Region of SNe 

Detailed thermal evolution of the innermost region of SN 
ejecta, i.e., the neighbor of the "mass cut" has not been 
solved strictly. However, recent progress of hydrodynam- 
ical calculations has gradually revealed thermal evolution 
in such a deep region. At the same time, detailed nucle- 
osynthesis in^u£ha^ region has also been investigated. 
iPruet et al] (I2005L l2006h investigated the nucleosynthesis in 
convective bubbles in the innermost region of SN ejecta and 
in early stage of neutrino-driven winds. They us ed results of 
two-di mensional hydrodynamical calculations bv iJanka et alj 
( l2003h . [prohlich et al. (2006a) examined the simulations 
of one-dimensional self-consistent treatment of core-collapse 
SNe with modified neutrino cross sections to explode. They 
also investigated the nucleosynthesis in the innermost region 
just above the mass cut produced self-consistently. 

Both of the studies showed that the electron fraction Yg ex- 
ceeds 0.5 in such regions, which enhances the production of 
Sc. In the latter study, they took into account all charged- 
current weak-interactions that changes Y^ in the ejecta. They 
obtained that the amount of Sc with 1O~''M0 is produced in 
the innermost region with Y^ > 0.5. The Sc/Fe ratio evaluated 
in their study is slightly smaller tha n the average d abundances 
observed in low mass BMP stars dCayrel et al.ll2b 04). Thus, 
the Sc/Fe ratio is larger than our result. They also showed 
that a significant amount of nuclei with mass of A > 64 in this 
region, especially light p-nuclei such as ''^ '''^Mo and '"'■'''^Ru 
(the i^j?-process: lFrohhch et al.ll2006bh . 

It is noted that the region of Y^ > 0.5 is convectively 
unstable so that the region will mix with outer smaller Yg 
region in dynamical time scale. However, they expected 
that the Yg remains high in an average sense. Indeed, 
the former study took into account the convection in two- 
dimensional simulations and obtained Yg > 0.5. We also note 
that neutral-current i/- process reactions were not included in 
iFrohlich et al.l(l2006d TO. They also pointed out that neutrino- 
induced spallation reactions can change the final abundances 
of some nuclei. We expect that these reactions enhance the 
abundance of Sc and that the Sc/Fe ratio becomes close to the 
observed ratio. 



It is also noted that materials blown off in neutrino-driven 
winds in early time after a SN explosion can achieve large 
Yg value. Accordingly, the rp-process can take place in the 
materials. This synthetic process i s strongly pr eferable for 
the production of the light p-nuclei ( Wanajo 2006). However, 
the contribution of the r/?-process in neutrino-driven winds to 
Sc production is small. 

5.2.2. Mn 

The amount of Mn produced in SNe and HNe is strongly 
sensitiv e to electron fraction Yg in in complete Si burning 
region (lUmeda & Nomotol I2002L l2005h . Their HN models 
modifying Y^ value to Y^ ~ 0.4995-0.4997 produce enough 
amount of Mn to reproduce the observed one in low mass 
BMP stars. However, HN models, whose Y^ in incomplete 
Si burning region is not modified, indicated that the amount 
of Mn is less than the obse rved value. Aspherical explosions 
suppress Mn production (Maeda & Nomoto 2003). We have 
shown that the Mn production during SN explosions is mainly 
due to the i/-process rather than to the incomplete Si burning. 
The i/-process with normal neutrino irradiation (E,y = 3 x 10^^ 
ergs) in SNe reproduces the Mn/Fe ratio averaged in low 
mass BMP stars even without Yg modifications. In the case 
of Zi^ = 9 X 10^^ ergs, the Mn amount marginally reproduces 
the upper limit of the observed Mn abundance. In the case 
of Ei^ = 3 X 10^"* ergs, however, the SN models overproduce 
Mn. Thus, the (/-process in the Pop III SNe is one of the main 
production processes of Mn observed in low mass BMP stars. 
The observed abundance constrains the total neutrino energy 
Ei^ in SNe. The observational constraint is Zi^ < 3-9 x lO^"' 
ergs. 

5.2.3. Co 

A large amount of Co can be produced through com- 
plete Si burning in aspherical ex plosio n (Maeda & Nomotd 
l2003h . For spherical explosions, Umeda & No motoi 620051) 
pointed out that the Co abundance is significantly enhanced 
for Yg > 0.5 in the cas e of HNe. However, the Co/Fe ratio in 
iFrohlich et al.l (l2 006a|) is still smaller than the observed ratio 
in Cavrel et al. (2004). Their model corresponds to a normal 
SN explosion. Therefore, HNe (E^i > 10) with Yg > 0.5 pro- 
duce Co of which amount reproduces observed Co/Fe ratio 
in low mass BMP stars. Neutral-current t^-process reactions 
may help additional production in the deep region just above 
the mass cut. However, in the case of HNe, large amount of 
protons are also produced through a-rich freeze out. This ef- 
fect may hinder the proton production by the i^-process. 

5.3. Comparison with Other SN Nucleosynthesis Models 

The nucleosynthesis in Pop III SNe have been conducted 
in several groups. Here, we briefly compare with the abun- 
dances of Sc, Mn, and Co of 15 and 25 Mq Pop III SN 
models in lWooslev & WeaveJ (Il995h here after abbreviated to 
WW95, (Z15A and Z25B models) and in lChieffi & Limongil 
(2004), abbreviated to CL04. The SN nucleosynthesis models 
in WW95 include the i^-process. The temperature of j/^.t- in 
WW95 is assumed to be 8 MeV, which is larger than the one 
adopted in this study. The SN nucleosynthes is with updated 
physics inputs of WW95 has been shown in iRauscher et alj 
(2002) but the Pop III SN nucleosynthesis has not been cal- 
culated. The nucleosynthesis models in CL04 do not include 
the j/-process. The explosion models in CL04 were set to be 
the ejected mass of 56Ni equal to 0.1 Mq. 
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IWooslev & Weave^ (1993) indicate [Sc/Fe]=-0.23 for 
15M0 model; the Sc/Fe is much larger than our result. On the 
other hand, CL04 indicates Sc/Fe slightly larger than our re- 
sults of SN models without the ;/-process ([Sc/Fe]=-1.58 for 
25 Mq model). Although the Sc/Fe in WW95 is much larger 
than the other models, it is still smaller than the observed ra- 
tio. Therefore, other synthesis processes such as discussed 
above are necessary for Sc production. 

The Mn/Fe shown in WW95 is smaller than the observed 
ratio ([Mn/Fe] < -0.50). The 15 Mq model in CL04 also in- 
dicates the Mn/Fe smaller than the observed one ([Mn/Fe]= 
-0.56). The 25 Mq model in CL04 indicates larger Mn/Fe 
ratio, which is comparable to the observed one ([Mn/Fe]= 
-0.33). We showed that the j/-process increases the Mn abun- 
dance, but difference of stellar evolution models may affect 
the abundance. 

The 15 Mq models of WW95 and CL04 show [Co/Fe] of 
-0.22 and -0.11, which are larger than the ratio of our SN 
models. Their 25 Mq models indicate the Co/Fe similar to 
our results without the j/-process. The evaluated Co/Fe ratios 
are still short of the observed ratio, so that HNe will have an 
important role for Co production in the early Universe. 

5.4. The v-Process for Other Elements 
5.4.1. Li and B 

Among Li, Be, and B, ^Li and "B are mainly produced 
through the (/-process. When the i^-process is not considered, 
the Li/Fe and B/Fe ratios are much smaller than the corre- 
sponding solar ratio. SN explosions with the neutrinos of 
£1/ = 3 X 10^^ ergs bring about Li yield ratio of [Li/Fe] > -1. 
They also produce B of which yield ratio to Fe is larger than 
the solar ratio. Therefore, SN explosions may contribute to 
the B production in the early universe. The ^Li is mainly pro- 
duced as ^Be in the He-rich region. The "B is produced as 
"C and "B in C-enriched oxygen layer and C-enriched He 
layer. The Li and B production in HNe is less effective than 
that in SNe. Higher maximum temperature in the He layer 
decomposes ^Be and "C produced through the (/-process and 
the following a-captures. In addition, strong explosion makes 
the region of C-rich oxygen layer small. 

5.4.2. F 

The (/-process is a main F production process in SNe 
(IWooslev et al.|[T990h . The F/Fe ratio including the (/-process 
is much larger than the one without the (/-process. The seed 
nucleus of F in the (/-process is ^"Ne. Most of F is produced 
in O and Ne-enriched region. Stellar mass dependence of the 
F/Fe ratio is small in the SN models. On the other hand, the 
HN model shows smaller F/Fe ratio. The HN explosion brings 
about stronger explosive Ne burning, so that the O and Ne- 
enriched region becomes smaller. 

5.4.3. NaandAl 

Figures 4-6 show that the (/-process scarcely affects the 
yields of Na and Al. Furthermore, the yield ratios are much 
smaller than the observed ratios even in the case of the largest 
neutrino irradiation. Although the (/-process enhances the 
abundances of Na and Al in incomplete Si burning region, Na 
and Al are mainly produced in carbon and neon shells. The 
yields produced in the outer two shells strong l y depend on 
the nucleosynthesis in stellar evolution. Iwamoto et al. (2005|) 
successfully reproduced relatively large [Na/Fe] and [Al/Fe] 
observed in two hyper-metal-poor stars. They considered that 



the effect of overshooting during preSN evolution and exten- 
sive matter mixing and fallback during SN explosions with 
small explosion energies. 

5.4.4. V 

Vanadium is mainly produced as ^'Mn in incomplete Si 
burning region in SNe. In the case of the HN model, it is 
mainly produced in complete Si burning region. Additional 
production through the (/-process from ^^Fe in incomplete Si 
burning region contributes to the enhancement of V in SNe. 
Low metallicity stars with -3 < [Fe /H] < -2 i ndicate the V 
abundance ratios of -0.2 < [V/Fe] < 0.6 (e.g.. iHonda et al.l 
"2007; Kobayashi.eLalJ|200|). The average abundance ratio 
is reproduced by the 15 and 25 Mq SN models with the (/- 
process of 9 x 10^^ ergs. In order to reproduce the V/Fe 
ratios, strong neutrino irradiation in the SNe is favored. In 
the case of the HN model, V is also produced through the (/- 
process. However, the produced abundance is much smaller 
than that produced in complete Si burning region. 

6. SUMMARY 

The chemical compositions of low mass EMP stars are ex- 
pected to be injected from one or a few SN or HN explosions 
evolved from Population III massive stars. The abundance ra- 
tios of odd-Z elements to Fe observed in these stars are close 
to the corresponding solar ratios. On the other hand, the abun- 
dances produced in complete and incomplete Si burning in SN 
explosion models are still in short. 

In this study, we investigated the (/-process of odd-Z iron- 
peak elements, Sc, Mn, and Co, in the SN and HN explosions 
of 15 Mq and 25 Mq Pop III stars. Then, we compared the 
abundance ratios of these elements in the SN and HN models 
with those observed in the EMP stars. The obtained results 
are summarized as follows. 

1 . Sc, Mn, and Co are produced through the (/-process and 
the following capture reactions of protons and neutrons 
in complete and incomplete Si burning region of Pop 
III SNe. The produced amounts of these elements are 
roughly proportional to the total neutrino energy. 

2. The observed Mn/Fe ratio averaged in low mass EMP 
stars is reproduced by the 15 Mq and 25 Mq Pop III SN 
models with the (/-process. Therefore, the (/-process in 
Pop III SNe is one of the main synthesis processes of 
Mn observed in low mass EMP stars. The observed 
Mn abundance constrains the total neutrino energy to 
El, ^ 3-9 X 10^^ ergs. This E^ value is roughly con- 
sistent with the gravitational binding energy of a typi- 
cal neutron star. In the case of the 25 Mq Pop III HN 
model, large neutrino irradiation enables to reproduce 
the observed Mn/Fe ratio. 

3. The observed Co/Fe ratio is reproduced by the SN 
models. However, required total neutrino energy is 
E^ ~ 9-30 ergs, which is larger than typical value of 
the gravitational binding energy of a proto-neutron star. 
Complete Si burning in Pop III HNe should be favor- 
able to Co production rather than the (/-process of SNe 
and HNe. 

4. Although larger amount of Sc is produced through the 
(/-process, the Sc/Fe ratio is still smaller than the ratio 
observed in low mass EMP stars. 
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5. Explosive nucleosynthesis during aspherical explosions 
and in a deep region just above the mass cut would be 
favorable to produce Sc and Co. The i^-process and 
the capture reactions of protons and neutrons may also 
enhance the production of Sc, Mn, and Co in these en- 
vironments. 
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